Abstract-This paper is focused on investigation of the electrical, hydrodynamic, and acoustic parameters of underwater plasma discharges, stabilized with thin copper wires. The experimental current and acoustic waveforms have been obtained using different combinations of the circuit capacitance, charging voltage, and wire length. The resistances of plasma discharges have been calculated for all combinations of electrical and topological parameters, based on the constant resistance approach. Phenomenological scaling relationships that link the plasma resistance and the total energy delivered to the plasma, the period of discharge cavity oscillation and the peak magnitude of the acoustic impulse have been obtained. These relationships can be used in optimization of the acoustic output from the wire-guided discharges for different practical applications.
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I. INTRODUCTION
U NDERWATER spark discharges generate strong acoustic and pressure impulses that can be used in different practical applications, for example in mineral engineering [1] , rock drilling operations [2] , material recycling [3] , [4] , and for environmental applications such as removal of pollutants in water [5] . The breakdown field in water depends on the duration of the high-voltage (HV) impulses applied to the electrode system. For shorter HV impulses, with duration of a few tens of nanoseconds, the breakdown field could be as high as ∼1.5 MV/cm; with an increase in the impulse duration, the breakdown field reduces to ∼0.1 MV/cm for HV impulses of microsecond duration [6] . Thus, for initiation of free spark discharges in water in centimeter-long gaps, significantly high applied voltages are required, which may lead to practical problems such as increased cost of dielectric insulation, increased overall size of the driving pulsed-power systems, and potential flashover problems. In the case of free discharges in water, there is limited control of the discharge path, and elevated conductivity of the water (for example, tap water or sea water) results in significant prebreakdown energy losses due to the Joule heating. Thus, the acoustic efficiency of free discharges in water is limited.
In order to minimize the prebreakdown energy losses and to increase the acoustic efficiency of underwater spark discharges through the use of longer interelectrode gaps, while maintaining lower levels of applied voltage, underwater spark discharges may be initiated with a thin conductive wire placed between the HV and ground electrodes.
A typical chain of events in the wire-guided discharge can be described as follows. The pulsed-power circuit is closed by the thin conductor placed between the discharge electrodes; therefore, significant conduction current starts to flowthrough the wire after application of the HV impulse. This current results in heating, melting, and disintegration of the wire into fine droplets of the melted metal. After wire disintegration, the circuit becomes open; thus, the conduction current collapses and the voltage across the entire interelectrode gap increases until the eventual breakdown of the gas in this channel, which is filled with the droplets of melted metal. Upon breakdown, the energy stored in the pulsed-power system is delivered into the plasma channel formed between the electrodes [7] . Typically, the energy required for wire heating, melting, and disintegration constitutes only a small fraction of the total energy available in the discharge [8] . Therefore, the remaining energy is delivered into the breakdown channel formed by the disintegrated wire. The vaporized metallic wire defines the path of the postbreakdown plasma channel, which enhances the consistency and stability of such underwater discharges.
Wire-guided discharges in water can be utilized for different industrial applications and for research purposes. For example, fast electrical disintegration of metallic conductors in water can be used for fabrication of nanomaterials (metallic and metal oxide nanoparticles) [9] , and for generation of high residual stresses in metallic parts [10] . Underwater wire-guided discharges are used in investigation of the conductivity and equations of state of warm dense matter [11] , [12] . Water has low compressibility, which results in slow radial expansion of the plasma developed in the initial stage of the underwater wire discharge, ∼10 5 cm/s. This expansion velocity is almost two orders of magnitude lower than the plasma expansion velocity in the case of a wire explosion in vacuum [11] . Therefore, due to the high current magnitude and high plasma density developed in an underwater plasma channel, the equation of state of the warm dense matter formed in the breakdown channel, and the electrical conductivity of this matter, can be obtained and investigated [12] .
Although wire-guided underwater discharges have intensively been studied for several decades, there is a lack of understanding of the relationships between their electrical, hydrodynamic, and acoustic parameters. Thus, it is important to investigate the functional behavior of the electrical, hydrodynamic, and acoustic parameters of the wire-guided discharges, in order to optimize and to tailor their acoustic output for practical applications. As in the case of free breakdown in water, underwater wire-guided discharges generate strong pressure impulses. The primary pressure impulse is produced at a very early stage of expansion of the plasma generated by the breakdown in the channel filled with gas and metallic droplets formed by the heated and disintegrated wires. The intensive Joule heating of the plasma in this channel results in fast expansion of the plasma-or gas-filled cavity, which continues until its kinetic energy is completely converted into potential energy accumulated in the surrounding water. At this stage, the external hydrodynamic pressure is significantly higher than the pressure inside the cavity, which leads to its collapse and the radiation of a secondary pressure impulse. This dynamic process is similar to the expansion-collapse process of a cavity formed by a free discharge in water. The functional behavior of the period of cavity oscillation, the acoustic magnitude of the pressure impulses generated, and the resistance of the underwater plasma generated by free spark discharges in water have been investigated in a number of papers, including [13] and [14] .
Also, from the late 1960s, different scaling relationships for spark discharges in water have been proposed; however, there is still a lack of a general phenomenological model(s) that would help researchers and engineers working in this area to predict and to optimize the hydrodynamic parameters of transient underwater cavities, and the acoustic impulses generated by these cavities. In [15] , for example, a scaling relation between the peak acoustic magnitude and the product of the voltage and peak current in free discharges in water was obtained graphically. However, no investigation of the potential influence of different interelectrode lengths on the peak acoustic magnitude was carried out. In [16] , several models, including a model based on the energy balance equation for plasma discharge in water, were discussed. Some of the approaches proposed in [16] have been tested and confirmed to be valid for free discharges in relatively short (tens of millimeters) interelectrode gaps in water. However, no model is given in [16] that could provide scaling relationships between the electrical, hydrodynamic, and acoustic parameters for longer discharges initiated with thin conductive wires. It is important to address this issue and to develop phenomenological scaling relationships for such discharges, which will link their electrical and acoustic parameters, and will enable their optimization and tailoring. This paper is focused on an experimental investigation of such parameters for underwater wire-guided discharges with different wire or gap lengths as the charging voltage and capacitance of the pulsed-power supply was varied. The behavior of the following parameters has been analyzed: 1) the resistance of the plasma channel; 2) the period of cavity oscillation; and 3) the acoustic pulse magnitude (peak pressure). This has allowed phenomenological scaling relationships between the resistances of the plasma channel, the energy available in the discharge, the period of the cavity oscillation, and the peak acoustic magnitude to be established. The obtained functional dependencies can be used for development and optimization of plasma-acoustic sources for specific practical applications.
II. EXPERIMENTAL SETUP
The experimental system consists of a pulsed driving circuit connected to electrodes submerged in water, and diagnostic devices for monitoring the electrical and acoustic parameters. This system is similar to the pulsed-power system developed and used in [14] for studying free discharges in water. Several combinations of different HV capacitors (Maxwell Laboratories Ltd, USA) were used to achieve total (measured) energy-storage capacitances of 155, 267, and 533 nF in the single-stage pulsed-power system. The capacitance was charged to voltages of 25, 30, and 35 kV by a dc power supply (Glassman High Voltage, series EH).
The conductive wire used to generate spark discharges was copper (99.9% Cu), with a diameter of 0.05 mm (Goodfellow Ltd). For each discharge, a length of copper wire was clamped by two stainless-steel crocodile clips, which were solidly mounted vertically opposite to each other on two stainless-steel rods, within a wire sample holder. The upper crocodile clip was connected to the output of the HV pulsedpower system, while the bottom crocodile clip was grounded. The electrode holder was placed in the middle of a large water tank with dimensions of 2 m (length) × 1 m (depth) × 1 m (width). The wire lengths (gap distances between the crocodile clips) were chosen as 15, 45, and 75 mm.
The diagnostic devices used in this paper are also as described in [14] . An HV probe (NorthStar PVM-5, 1000:1 division ratio, 80-MHz bandwidth) and a resistive current shunt probe (Samtech Ltd DE(CP)-01, 29.6 m ) were used to capture the transient voltage and current waveforms, and the corresponding output signals were recorded by a Tektronix 2024 digitizing oscilloscope with a 2 Gsample/s sampling rate and 200-MHz bandwidth. The acoustic signals were registered by a piezoelectric acoustic sensor, Valpey Fisher Pinducer VP1093, and the output voltage signal from the Pinducer was transferred to a Tektronix 3054B digitizing oscilloscope with a 5 Gsample/s sampling rate and 500-MHz bandwidth. The acoustic sensor was located 500 mm away from the wire-guided discharge source. A schematic of the experimental setup is given in Fig. 1 . Schematic of the experimental setup: V DC , dc power supply; R CH , charging resistor; C, capacitor bank; L, circuit inductance; and R circuit , circuit resistance.
Fig. 2.
Current waveforms for wire-guided underwater spark discharge with the following parameters: 45-mm-long wire, 266-nF energy-storage capacitance, and 17.5-kV peak impulse voltage. The dotted line is the experimental current waveform I (t). The solid line is the analytical fitting by (1) . Analytical fitting starts at time t 0 -the moment of the breakdown in the channel formed by the disintegrated wire. T indicates the end of the energy deposition phase.
III. ELECTRICAL AND ACOUSTIC WAVEFORMS
As described in Section II, the wire-guided spark discharges were initiated by a thin copper wire located between the HV and ground electrodes. Each combination of charging voltage (25, 30 , and 35 kV) and capacitance (155, 266, and 533 nF) was used to generate discharges in tap water, stabilized by Cu wires with three different lengths: 15, 45, and 75 mm. The transient voltage and current waveforms and corresponding acoustic output were recorded for each wire-guided discharge. Fig. 2 shows an example of the discharge current waveform obtained with a 45-mm-long wire.
The initial sharp current spike in Fig. 2 indicates the process of copper wire melting and disintegration. Upon applying the HV impulse to the wire, the current through the wire placed between the electrodes rises over a few tens of nanoseconds (initial current spike, dotted line in Fig. 2 ). Due to the injected electrical energy, the wire is heated, melted, and disintegrated. The resistance between the electrodes increases and the current drops.
Due to the high resistance now present across the gap, the interelectrode voltage increases, causing breakdowns of a gaseous nature between the droplets of melted copper in the channel formed by the disintegrated wire, and reclosing the interelectrode gap. The current oscillations in the pulsed discharge circuit can now be described by under-damped oscillations in an R-L-C circuit (starting from time t 0 in Fig. 2) . By simplifying the discharge circuit to a lumped R-L-C circuit, and assuming that the resistance of the breakdown plasma channel is constant, the current oscillations after wire disintegration and the final breakdown of the channel formed by the disintegrated wire can be fit with the function
where I 0 is a fitting constant related to the maximum peak current in the transient process, and R total is the total resistance of the experimental circuit, including the assumed constant resistance of the plasma channel R pl .
In Fig. 2 , the oscillations shown by the solid line indicates the current waveform obtained using (1) , from the moment of the secondary breakdown in the channel t 0 until the end of the energy deposition stage T . The dotted line shows the obtained experimental current waveform. The match between the experimental waveform and the current waveform plotted using (1) provides validation of the use of the constant resistance approach in the analysis of the underwater discharges.
Using (1), the circuit inductance L and the total resistance R total were obtained. The constant resistance of the plasma channel R pl can be calculated by subtracting the derived circuit resistance R circuit obtained from current waveforms, using (1), when the electrode gap was short circuited (no contribution from the spark discharge channel), from the total resistance R total of the circuit with the spark discharge channel, also obtained using (1)
The acoustic waveforms emitted by the wire-guided discharges were monitored and recorded. The primary acoustic pressure impulse emitted by the expanding plasma cavity was registered by the Tektronix digitizing oscilloscope using a time base of 200 ns/division, while the acoustic signals generated by the first complete expansion-collapse cycle of the cavity were captured using a longer time base of 1 ms/division. Fig. 3 shows a typical example of the acoustic output registered from a 15-mm-long wire-guided discharge, with the acoustic waveforms of the primary acoustic impulse generated by the formation of the cavity [ Fig. 3(a) , short timescale] and the primary and secondary acoustic impulses radiated by the formation and collapse of the cavity [ Fig. 3(b) , longer timescale]. The magnitude of the primary acoustic impulses P ac is measured as the direct output signal from the acoustic sensor in volts, following the procedure established in [14] . In Fig. 3(b) , the period of the cavity oscillation T cav is read as the time interval between the formation and collapse of the cavity. These two parameters P ac and T cav are used in the further investigation of the performance of the wire-guided discharges. 
IV. ELECTRICAL, HYDRODYNAMIC, AND ACOUSTIC PARAMETERS OF WIRE-GUIDED DISCHARGES
The resistance of the plasma in the breakdown channel is a key factor defining the acoustic and hydrodynamic performance of the plasma channel. The relationship between the plasma resistance R pl and the circuit resistance R circuit determines the energy partition in the circuit and, thereby, the amount of electrical energy transformed into acoustic energy. In general, the plasma resistance of a channel is related to the length of the channel. The path of the wire-guided plasma channel is defined (stabilized) by the wire, and therefore follows the shortest distance between the electrodes. Thus, because of this gap stabilization, the plasma resistance is consistent for breakdown events under the same energization conditions, and with the same gap length. Therefore, the correlation between the plasma resistance and other discharge parameters, such as energy available in the discharge, can be established and used in the analysis of the hydrodynamic and acoustic properties of wire-guided spark discharges. In this experimental study, it was found that the plasma resistance across all combinations of wire length, voltage, and capacitance varied from 0.56 to 2.29 .
A. Electrical Parameters
In the case of spark breakdown in fluids, the transient resistance of the breakdown channel demonstrates a highly dynamic behavior, and typically decreases during a few tens or hundreds of nanoseconds from its initial, relatively high, value to a minimum value of a few tens or hundreds of milliohms [17] , [18] . There are several models that describe this dynamic resistance of the spark breakdown channel as a function of time. For example, based upon the plasma energy balance equation in the breakdown channel, it has been shown that the transient resistance of the breakdown channel in a gas R(t) is inversely proportional to the integral of I (t) 2 , and directly proportional to the length of the breakdown channel
where n is a constant. According to the energy balance model developed by Rompe and Weizel (and discussed in [18] ), n in (3) is equal to 1/2 and the coefficient k (denoted as k RW for the Rompe-Weizel model) is a function of different parameters of the plasma channel developed at breakdown, including electron temperature, electron mobility, and ionization potential; k RW is typically considered as a constant for a specific range of the experimental parameters [18] . In Vlastos's energy balance model, n = 3/5 [19] , and the coefficient k (denoted as k W in this model) is considered as a model constant, which also depends on the plasma parameters and the initial radius of the plasma channel [19] . The detailed analysis of the coefficients k RW and k W is beyond the scope of this paper; further details related to these coefficients and their numerical values for transient spark discharges in gases, including discharges initiated with thin conductive wires, can be found in [18] - [20] . Popovic et al. [21] generalized this approach by assuming that n is a phenomenological constant that can be obtained using the best fit between the calculated and experimental values of the breakdown channel resistances. It was shown in [21] and [22] that using (3) with n = 1/2 and n = 3/5 provides reasonable agreement with the experimentally obtained transient spark resistance in air. Moreover, it was found in [20] that (3) with n = 1/2 can be used for description of the transient resistance of the breakdown channel in liquids: Fuhr and Schmidt [22] used (3) in their analysis of the transient breakdown resistance in liquid hydrocarbons. In this paper, (3) is used to provide a link between the electrical and hydrodynamic parameters of the underwater wire-guided discharges. The phenomenological coefficient n was obtained for all combinations of the circuit capacitance, charging voltage, and wire length, using the fitting procedure described later in this section.
After fast postbreakdown reduction, the plasma resistance remains almost constant until the end of the energy deposition process, which can last for a few tens of microseconds [18] , [20] . Thus, in the case of the transient processes of such duration or longer, it is possible to substitute the transient resistance with an effective (constant) spark plasma resistance. For example, a constant plasma resistance was used to describe the transient current oscillations observed for short, submicrometer and millimeter air gaps [23] , and for long, hundreds of centimeters air gaps [24] . As shown in [20] , the calculated resistance at the end of the transient process obtained using (3) is very close to the experimentally obtained resistance of the breakdown channel. Therefore, it can be postulated that the efficient (constant) plasma resistance R pl is proportional to the transient resistance R(T ) at the end of current oscillation obtained using (3) at t → T .
In this paper, it is assumed that the transient resistance of the breakdown channel at the end of the energy deposition phase is proportional to the constant resistance value of the plasma channel obtained by the fitting procedure based on (1)
To provide a link between the acoustic and hydrodynamic parameters of the underwater wire-guided discharges, and the total energy deposited into the plasma channel W (T ), the total energy has been calculated by integrating the current waveforms, using the values of R pl obtained from (1) and (2) 
where the integration is conducted from t 0 , the moment of the breakdown in the gas or liquid metal droplets channel formed by the disintegrated wire, until the end of the energy deposition phase T (Fig. 2) . The total energy deposited into the plasma channel W (T ) has been obtained for all combinations of the charging voltage, capacitance, and wire length. The validity of the constant resistance approach to calculation of the energy deposited into the underwater breakdown channel has been discussed and justified in [13] . Thus, one can obtain the link between the energy deposited into the plasma channel W (T ) and the resistance of the plasma channel R pl by combining (3)-(5)
The total energy W (T ) obtained using the experimental current waveforms was fit with analytical current functions given by (6) . The coefficient a in (6) is a phenomenological constant. The calculated values of W (T ) and the corresponding fitting lines are shown in Fig. 4 as functions of the plasma resistance R pl for all wire lengths of wires and for all tested combinations of charging voltage and capacitance. The dashed lines in Fig. 4 represent analytical fittings of (6), obtained using the Origin 8 graphing software with n = 0.41 ± 0.03 and a = (14.33 ± 0.12) × 10 −4 . Thus, this analytical fitting procedure demonstrates that the phenomenological relationships (4) and (6) can be used for satisfactory scaling of underwater wire-guided discharges.
B. Hydrodynamic Parameters
The phenomenological scaling relationship between the period of cavity oscillation T cav and the energy available in the discharge W has been tested in [14] for free discharges in water, and found to be valid for different combinations of electrical (breakdown voltage and energy-storage capacitance) and topological (interelectrode distance) parameters
The coefficient of proportionality between T cav and W in (7) is a model coefficient that is a function of the hydrodynamic and energy parameters, including a portion of the total electrical energy released in the plasma channel formed at breakdown, which is converted into thermal energy in the plasma, hydrostatic pressure, and the specific weight of the liquid (water) [14] . Assuming the same functional dependence between the period of oscillations and the delivered energy W (T ) for wire-guided discharges in water, the combination of (6) and (7) allows for establishment of the relationship between the period of cavity oscillations and the plasma resistance
where b is a phenomenological coefficient, which is a function of the proportionality coefficients in (6) and (7) . The period of cavity oscillations T cav has been obtained for all combinations of , C and charging voltage. Fig. 5 presents the obtained period of cavity oscillation T cav as a function of the plasma resistance R pl . It was found that the period of cavity oscillation decreases as the plasma resistance increases for each specific length of wire, and the period of cavity oscillation is longer for either higher capacitance or longer wire length (longer interelectrode gap). The dashed lines in Fig. 5 represent the analytical fitting lines obtained using (8) . The mean values of coefficients n and b in (8) that provides the best fit to all experimental data for all three wire lengths are n = 0.41 ± 0.04 and b = 0.22 ± 0.01. Thus, the close agreement in the value of n obtained for the fit of (6) to the data for energy deposition, and for the fit of (8) to the data for the oscillation period of the cavity, confirms the validity of the approach used to describe the electrical and hydrodynamic parameters of wire-guided discharges in water.
C. Acoustic Parameters
The peak acoustic magnitude of the pressure impulses generated by the wire-guided discharges as a function of the plasma resistance was obtained for all combinations of capacitance, wire length, and charging voltage. Fig. 6 shows the peak acoustic magnitude as a function of the plasma channel resistance-it was found that, for each specific wire length, the peak acoustic magnitude decreased with an increase in R pl . Fig. 6 shows that, for the same plasma resistance, the peak magnitude of the acoustic signal generated with longer wires is larger than the acoustic magnitude generated by the discharges stabilized with shorter wires. However, for each wire length, the peak acoustic magnitude P ac , generated using all three tested capacitances and charging voltages, demonstrates similar functional dependence on the plasma resistance R pl and the length of wire : the peak acoustic magnitude is proportional to the length of wire, and inversely proportional to the plasma resistance to the power m P ac = c 1 R m pl (9) where c 1 and m are phenomenological constants that can be obtained by fitting (9) to the experimental data shown in Fig. 6 . Again using Origin Pro 8, the value of coefficients m and c 1 that provided the fit for all three wire lengths was m = 0.37 ± 0.07 and c 1 = (4.43 ± 0.15) × 10 −2 . Thus, it is shown that in the case of stabilization of the discharge channel with a thin wire, the acoustic magnitude generated by the discharges is proportional to the length of the wire. This is in agreement with [25] , where an analytical equation for the total acoustic energy in the pressure impulse generated by an underwater discharge was shown to be directly proportional to the integral of the squared pressure signal and the length of the wire . Using (6) and (9), the link between the peak acoustic magnitude P ac and the total energy deposited into the plasma channel W (T ) can be derived
where the coefficient c 2 is a function of coefficients c 1 and a, c 2 = c 1 a nm/(n−1) . Inserting the obtained numerical values for the coefficients n = 0.41 and m = 0.37, (10) can be represented as
Equation (11) follows the form of the empirical relationship between the peak acoustic magnitude produced by a spark discharge in water and the corresponding energy available in the spark discharge used in [26] , where it was shown that P ac ∝ W β/3 , with β = 1.13. It can be seen that the power coefficient β/3 used in [26] is close to the power coefficient, 0.26, obtained in this paper. Fig. 7 shows experimental values of the peak acoustic magnitude plotted against the total energy available in the wire-guided discharge for all three wire lengths, all capacitances, and all charging voltages. The dashed lines represent the fitting obtained by (11) , where c 2 was a variable parameter c 2 = 0.22±0.02. This value is close to the value of c 2 obtained using c 2 = c 1 a nm/(n−1) = 0.238. The good fit between the experimental data and the behavior predicted by (11) confirms that the phenomenological scaling relationships proposed in this paper can satisfactorily describe the functional dependence of the acoustic magnitude on the energy delivered to the discharge and the plasma resistance. These relationships provide a mechanism for the optimization of practical acoustic wire-guided discharge sources.
V. CONCLUSION
The main objectives of this paper include an experimental determination of the electrical and acoustic parameters of wire-guided, underwater discharges, and the development of phenomenological scaling relationships for these discharges. A detailed experimental investigation of the behavior of wire-guided underwater discharges has been made over a range of wire or gap lengths, charging voltages, and energystorage capacitances. The electrical parameters: plasma resistance (assumed constant) and the energy delivered into the plasma channel, together with the period of cavity oscillation, a hydrodynamic parameter, and the magnitude of the acoustic impulses have been either measured or derived. The relationships between the total energy delivered into the plasma channel, the period of cavity oscillation, the acoustic magnitude, and the plasma resistance have been investigated and fit with phenomenological equations, based on the dependence of the plasma resistance on the integral of the current delivered to the plasma channel.
This paper is also focused on the development of scaling relationships for wire-guided, underwater discharges. It was shown that, based on basic relationships between the plasma resistance and its relationship with the current flowing in the discharge channel, it is possible to derive phenomenological scaling equations for wire-guided underwater discharges. These phenomenological equations have satisfactorily been shown to describe the main electrical, hydrodynamic, and acoustic parameters of wire-guided discharges. The relationships include the wire or gap length as a parameter, together with the total energy delivered into the discharge, and the plasma resistance. Thus, the sensitivity of the discharge parameters to the length of wire has been captured in the proposed equations. The established scaling relationships have a different character than the corresponding relationships for free discharges in water [14] : the role of the interelectrode gap in the free discharges is different, and it was shown that the main hydrodynamic and acoustic parameters of these discharges can be described by relationships which include the circuit parameters only as free variables. However, as has been shown in this paper, for longer interelectrode gaps stabilized with conductive wires, the interelectrode gap (the wire length) plays an independent role and must be included in the scaling relationships as a free parameter.
The obtained experimental results and the phenomenological scaling relationships will help in further optimization and development of practical applications of underwater wire-guided discharges.
